We demonstrate that 2-month-old female B10.T(6R) mice are highly resistant to systemic infection with the KIM5 strain of Yersinia pestis and that B10.T(6R) mice become susceptible to Y. pestis infection by the age of 5 months. In this study, young (2-month-old) and middle-aged (5-to 12-month-old) B10.T(6R) mice were infected with equal CFU counts of Y. pestis. The 50% lethal dose (LD 50 ) for young B10.T(6R) mice was ϳ1.4 ؋ 10 4 CFU, while middle-aged B10.T(6R) mice exhibited an LD 50 of ϳ60 CFU. Elevated bacterial burdens were found in the spleens of middle-aged mice at 24 and 60 h and in the livers at 60 h postinfection. Immune cell infiltration was greater in the livers of resistant young mice than in those of middle-aged mice and mice of the susceptible C57BL/6N strain. Unlike susceptible mice, young B10.T(6R) mice did not develop necrotic lesions throughout the liver. Instead, livers from young B10.T(6R) mice contained granuloma-like structures. Immunohistochemical staining of liver sections from these mice at 60 h postinfection revealed that the majority of immune cells present in these structures were neutrophils. These findings suggest that resistance to plague in B10.T(6R) mice correlates with early formation of neutrophilic lesions in the liver.
Yersinia pestis is the etiological agent of plague. Plague has resulted in multiple pandemics and the loss of millions of lives (40) . Unlike other pathogenic species of Yersinia, Y. pestis causes an acute systemic infection. In a susceptible host, there is an overall lack of inflammation at sites of bacterial replication early in infection (3, 36) . A comparative study of Yersinia pseudotuberculosis and Y. pestis demonstrated a lack of neutrophil infiltration in the draining lymph nodes of Y. pestis-infected mice. In contrast, there were increased levels of neutrophils in the lymph nodes of mice infected with the chronic-diseasecausing species Y. pseudotuberculosis (17) . At later time points, Y. pestis can be found systemically and colonizing the visceral organs. This distribution coincides with a large influx of cellular infiltrates, tissue necrosis, and increased levels of proinflammatory cytokines (36) .
Several laboratories (2, 8, 41, 42) have reported different mouse strains intrinsically resistant to plague. Resistance does not appear to be conferred by one specific strain or genetic background. Multiple substrains of inbred 129 mice are highly resistant to infections with the KIM5 strain of Y. pestis (8, 41) . Compared to susceptible C57BL/6 mice infected with Y. pestis (50% lethal dose [LD 50 ], 20 to 50 CFU [34] ), 129S2/SV.Hsd mice had a much higher LD 50 (2 ϫ 10 6 CFU), and cellular infiltrates, described as predominantly polymorphonuclear leukocytes (PMNs), were observed in the livers of resistant mice at 96 h postinfection (8) . The livers of susceptible C57BL/6 mice showed signs of immune cell depletion and coagulative necrosis (8) . Resistance to plague in another substrain of 129 mice was mapped to a region of DNA near the interleukin 10 (IL-10) gene, and this resistance could be bred into the susceptible C57BL/6 strain (41) . Most BALB/c strains of mice are susceptible to plague infection. However, BALB/cJ mice are also highly resistant to plague (42) . This resistance was mapped to a region that coincided with the major histocompatibility complex on chromosome 17. The plague resistance of BALB/cJ mice could also be bred into C57BL/6 mice (42) . Plague resistance has also been seen in another mouse species. The SEG/Pas strain of Mus spretus is highly resistant to pigmentation-positive Y. pestis (2) . Multiple alleles that contributed to resistance in SEG/Pas mice were discovered (2) . The mean times of death of SEG/Pas mice and C57BL/6 mice were similar (2). Blanchet et al. suggested that the mechanism of resistance related to an early response to infection (2) .
Cellular infiltrates in the liver without necrosis are also present in mice vaccinated against plague (31) . Mice vaccinated with a protein A-LcrV (PAV) fusion or treated with passive antibodies to PAV exhibited granuloma-like lesions in their livers. Granuloma-like lesion formation was also present when C57BL/6 mice were infected with an attenuated YopM Ϫ strain of Y. pestis (20) . Again, these lesions were described as consisting predominantly of PMNs (20) . The data observed for both resistant and vaccinated mice suggest that the formation of immune cell lesions in the liver without the presence of necrosis coincides with protection against plague.
This study demonstrates that another strain of mice, B10.T(6R), is intrinsically resistant to infection with Y. pestis. Interestingly, resistance to Y. pestis is demonstrated to disappear in B10.T(6R) mice by the age of 5 months. Granulomalike lesions were found in the livers of B10.T(6R) mice at early time points in infection, and these lesions consisted mostly of neutrophils. There were also marked differences in the size and abundance of these lesions between young and middle-aged
RESULTS

Young B10.T(6R) mice are resistant to Y. pestis infection.
Groups of young B10.T(6R) and B6 mice were infected with increasing doses of Y. pestis KIM5. Young female B10.T(6R) mice displayed an LD 50 of 1.4 ϫ 10 4 CFU. Age-matched male B10.T(6R) mice were slightly less resistant to Y. pestis infection. The LD 50 was 3.0 ϫ 10 3 CFU in males, approximately 4-fold lower than that for female B10.T(6R) mice. This result is consistent with the observation that inbred female mice are more resistant to Y. pestis than male mice (27) . Susceptible B6 mice demonstrated a lower LD 50 than did B10.T(6R) mice. The calculated LD 50 for Y. pestis-infected B6 mice was 54 CFU (Fig. 1A) . The mean times of death were similar for all strains (4 to 5 days [data not shown]). These data demonstrate that B10.T(6R) mice are more resistant to plague than susceptible B6 mice and that resistance in B10.T(6R) mice is gender biased, with females displaying more resistance than males. B6 mice bred at UND retain susceptibility to Y. pestis KIM5 (data not shown).
Rapid decrease in resistance to infection in middle-aged B10.T(6R) mice. Susceptibility to plague increases with age in humans (28) . To determine whether the resistance observed in young B10.T(6R) mice was also affected by age, groups of female B10.T(6R) mice were infected with 1 ϫ Fig. 2A) . There was not a significant difference based on age in bacterial burdens in livers at 24 h (Fig. 2C) . However, by 60 h, both the spleens and livers of young B10.T(6R) mice contained significantly fewer bacteria (2.6 ϫ 10 4 Ϯ 5.8 ϫ 10 4 and 1.2 ϫ 10 4 Ϯ 8.1 ϫ 10 3 , respectively) than middle-aged mice (2.2 ϫ 10 6 Ϯ 3.3 ϫ 10 6 and 2.0 ϫ 10 5 Ϯ 2.4 ϫ 10 5 , respectively) ( Fig. 2B and D) . No bacteria were detected in either the spleens or livers harvested from young B10.T(6R) mice at 14 day postinfection (data not shown). These data suggest that young B10.T(6R) mice are able to induce a successful immune response to Y. pestis early in infection and perhaps begin to clear the bacteria from visceral organs.
Immune cell infiltrates in the livers of young B10.T(6R) mice. Differences in pathology and immune cell recruitment in VOL. 79, 2011 PLAGUE RESISTANCE DECREASES IN AGED B10.T(6R) MICE 4439 the livers and spleens were observed among young female B10.T(6R) mice, middle-aged female B10.T(6R) mice, and B6 mice. There were few to no signs of necrosis in the spleens of both young and middle-aged mice at early time points. However, at 96 h postinfection, there was a significant difference.
The spleens of young B10.T(6R) mice still contained intact white pulp and red pulp regions with little to no cellular debris or fibrin deposition (Fig. 3 ). The spleens of middle-aged B10.T(6R) mice and B6 mice exhibited drastic structural changes, most notably a complete depletion of the white pulp regions. This was more evident in B6 mice, where the spleen consisted mostly of cellular debris and there was fibrin deposition throughout the red and white pulp regions. At 24 h postinfection, both young and middle-aged B10.T(6R) mice had small groups of tightly formed immune cell lesions dispersed throughout the liver (data not shown). By 60 h, there were visible differences in the sizes and numbers of these immune cell lesions. Young B10.T(6R) mice exhibited substantially larger immune cell lesions in the liver (Fig. 4) . By 96 h postinfection, the difference in immune cell lesion size was statistically significant (Fig. 5) (Fig. 7) . These experiments demonstrated the presence of neutrophils (Fig. 6 ) but not macrophages (Fig. 7) in the lesions. This result is consistent with those of other studies suggesting the presence of neutrophils in the livers of resistant mice infected with Y. pestis (8) and mice infected with an attenuated strain of Y. pestis (20) . Additionally, at later time points, a second, unidentified cell type was seen infiltrating into the lesions (Fig. 7) . To begin examining possible mechanisms of resistance, the coagulative lesions from the livers of B6 mice were stained with an anti- (Fig. 8) . Surprisingly, the coagulative necrotic lesions also stained positive for neutrophils, suggesting that both resistant and susceptible mice recruit neutrophils to sites of inflammation during Y. pestis infection but that the neutrophils are not intact within the lesions of susceptible B6 mice.
Analysis of IL-6 and chemokines. To address the mechanism of resistance in young B10.T(6R) mice, cytokine (IL-6) and chemokine levels were analyzed. Resistant BALB/cJ mice exhibit lower levels of IL-6 in serum after infection with two different doses of Y. pestis KIM5 than susceptible B6 mice (42) . IL-6 and chemokine levels were determined in young 
B10.T(6R) mice, middle-aged B10.T(6R) mice, and B6 mice.
At 72 h postinfection, young B10.T(6R) mice exhibited significantly lower levels of IL-6, keratinocyte-derived chemokine (KC), monocyte chemoattractant protein 1 (MCP-1), and CCL5 (RANTES) than both middle-aged B10.T(6R) mice and B6 mice (Table 1) . Further, there were dose-dependent increases in the levels of IL-6 in young and middle-aged B10.T(6R) mice infected with 1 ϫ 10 3 CFU of KIM5 over those in mice infected with 1 ϫ 10 2 CFU of KIM5 (Table 1) . Serum IL-6 levels increased from 105 Ϯ 6 pg/ml to 205 Ϯ 8 pg/ml in young B10.T(6R) mice and from 517 Ϯ 16 pg/ml to 1,207 Ϯ 80 pg/ml in middle-aged B10.T(6R) mice. There were dose-dependent increases in serum CCL5 (RANTES) levels in all infected mice. Interestingly, the responses to infection were different for susceptible B6 mice versus middle-aged B10.T(6R) mice. Unlike middle-aged B10.T(6R) mice, B6 mice did not exhibit a drastic elevation in serum IL-6 levels with an increasing dosage of Y. pestis KIM5. This difference between B6 mice and middle-aged B10.T(6R) mice was also evident in KC and MCP-1 levels. B6 mice appeared to make less KC at a higher dosage, where middle-aged B10.T(6R) made less MCP-1 with increasing dosages of KIM5. The dosedependent increase in IL-6 or chemokine levels observed in this model supports evidence from a sublethal Y. pseudotuberculosis infection model (45) . These data also suggest that young B10.T(6R) mice may produce a more regulated serum 
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proinflammatory response to Y. pestis than susceptible middleaged B10.T(6R) mice or B6 mice. The difference in response observed between middle-aged B10.T(6R) mice and B6 mice may be due to strain-specific host immune response mechanisms.
DISCUSSION
Y. pestis has adapted a myriad of functions to avoid and manipulate the host immune response. Y. pestis synthesizes a unique tetra-acylated lipopolysaccharide (LPS) at 37°C that acts as a Toll-like receptor 4 (TLR4) antagonist (29) . TLR4-antagonist interaction would result in decreased activation of macrophages, dendritic cells, and granulocytes. The F1 protein is expressed at 37°C and forms a capsule-like structure around the bacterium. This capsule increases resistance to phagocytosis (11) . Multiple effector proteins secreted by the type III secretion system (T3SS) into the host cell cytoplasm have been shown to suppress the host immune response. YopJ targets naïve macrophages for apoptosis and is dependent on TLR4 signaling (44) . Interestingly, in LPS-activated macrophages, YopJ contributes to a decrease in pyroptosis-mediated release of IL-1␤ (25) . IL-1␤ is an important factor in neutrophil migration (14) . There has also been evidence of a YopM-mediated global depletion of natural killer (NK) cells (20) . A rapid decrease in the overall numbers of NK1.1 ϩ cells occurs in a Y. pestis-infected host. However, infection with a YopM mutant abolishes the NK cell depletion, and immune cell lesions can be found in the liver without necrosis. NK cells are an important source of gamma interferon (IFN-␥) , which, in turn, is a potent activator of macrophages (23) . LcrV is a protective protein associated with the tip of the T3SS needle apparatus (30) and is necessary for proper secretion of effector Yops into the host cell cytosol (33) . LcrV has also been shown to induce the production of the anti-inflammatory cytokine IL-10 (32) and also forms a complex with human IFN-␥ (15) . Strains of Y. pestis that lack the T3SS are avirulent (18) . And, more importantly, the host is able to produce a robust immune response to T3SS Ϫ Y. pestis that includes the recruitment of inflammatory cells to the sites of bacterial replication (7). Y. pestis uses these many mechanisms to develop a niche for vegetative growth within the host while avoiding a robust immune response. Normally, by the time a protective immune response can be generated against Y. pestis, it is too late to clear the bacteria, and the host succumbs rapidly to sepsis due to the overwhelming, systemic burden of the growing bacteria (4). A resistant host is, however, able to overcome the virulence mechanisms of plague. As demonstrated in this study, B10.T(6R) mice are highly resistant to infection with Y. pestis. B10.T(6R) mice are also known to be resistant to infection with Trichuris muris (13) . Resistance to Trichuris muris is associated with the H-2 q haplotype of B10.T(6R) mice (13). B10.T(6R) mice are a substrain of C57BL/10 mice that differ at the H-2 locus. C57BL/10 and B6 mice are H-2 b , and the resistant 129 substrains of mice are H-2 b or H-2 bc , whereas the resistant BALB/cJ mouse strain is H-2 d . Therefore, the haplotype of the H-2 locus of resistant or susceptible mice may not correlate with resistance. However, whether resistance to Y. pestis is related to the H-2 q haplotype is currently being investigated.
The kinetics of our infection model suggest that bacterial clearance begins in the spleens of resistant mice. At 24 h postinfection, there was a significant difference between the splenic bacterial burdens of resistant (young) and susceptible (middle-aged) mice. This difference was not observed in livers at this time point. However, at 60 h postinfection, both the spleens and livers of young mice contained significantly fewer bacteria. We hypothesize that in our model, the key to bacterial clearance is the recruitment of neutrophils to sites of bacterial replication early in infection. Neutrophils are resistant to YopJ-induced apoptosis (38) , and human PMNs are able to successfully phagocytize and kill Y. pestis (37) . Ablation of Gr ϩ neutrophils increases the virulence of Y. pestis in a lung infection model (24) . These studies suggest the importance of neutrophils in the clearance of Y. pestis. Large immune cell lesions were observed throughout the livers of resistant mice. The vast majority of cells in these lesions consisted of neutrophils. Although similar lesions could be found in some middle-aged a Determined 3 days postinfection for the pooled sera of mice (n ϭ 6) infected with 1 ϫ 10 2 CFU or 1 ϫ 10 3 CFU of Y. pestis KIM5. Serum cytokine or chemokine concentrations were determined using a protein suspension array assay. The SD for each sample in triplicate is given. Results are from individual experiments with two infectious doses. ND, not detected.
b ‫,ء‬ P Ͻ 0.05; ‫,ءءء‬ P Ͻ 0.001. The statistical significances of the differences between young and middle-aged B10.T(6R) mice and between young B10.T(6R) mice and B6 mice were determined using one-way analysis of variance (Tukey's multiple-comparison posttest).
B10.T(6R) mice following infection, the size and number of lesions were decreased. Resistance to Y. pestis infection correlated with the presence of these neutrophil-rich lesions.
The immunological responses of young B10.T(6R) mice, middle-aged B10.T(6R) mice, and B6 mice infected with Y. pestis KIM5 were compared by analyzing IL-6 and chemokine levels. Serum IL-6 and chemokine levels were significantly elevated in middle-aged B10.T(6R) and B6 mice (Table 1 ). Among the analytes tested, IL-6 was elevated in young B10.T(6R) mice in response to increasing dosages of KIM5. However, IL-6 levels in young B10.T(6R) mice were significantly lower than those seen in susceptible mice. IL-6 levels are also decreased in resistant BALB/cJ mice infected with KIM5 (42) . At 24 h postinfection, this is the only cytokine whose levels are significantly different for BALB/cJ versus susceptible B6 mice (42) . IL-6 is important in the clearance of bacterial infections (9, 22) and in the inflammatory response (21) . IL-6 Ϫ/Ϫ mice infected with Yersinia enterocolitica have increased bacterial burdens in visceral organs, elevated levels of proinflammatory mediators, and a decrease in neutrophil migration to the site of infection (12) . The immune response to Y. enterocolitica infection in IL-6 Ϫ/Ϫ mice can be restored to the levels observed in wild-type mice by the administration of exogenous recombinant IL-6 (rIL-6). Important observations in the previous study, consistent with our results, were the reduced levels of MCP-1 in wild-type mice and the fact that neutrophil recruitment was restored in IL-6 Ϫ/Ϫ mice treated with rIL-6 (12). Our data, coupled with the ability of IL-6 to induce the production of IL-1 receptor antagonist (IL-1ra) and to downregulate the proinflammatory response (19, 35) , substantiate the importance of IL-6 in both neutrophil recruitment and the regulation of the immune response. Young B10.T(6R) mice produced decreased levels of IL-6, and this, in turn, may have influenced the levels of proinflammatory mediators. In humans, there is a positive correlation between serum IL-6 levels and disease outcome for septic patients (5, 6, 10) . In an experimental sepsis model, blockage of IL-6 increases survival in polymicrobial sepsis (39) . Since the host is thought to succumb to sepsis during the late stages of Y. pestis infection (4), and since IL-6 is elevated in both clinical and experimental models, the elevated levels of IL-6 in susceptible mice in our model may be a result of plague-induced sepsis. The IL-6 levels observed in young B10.T(6R) mice may be more reflective of a controlled inflammatory response, with IL-6 playing an anti-inflammatory role by downregulating other inflammatory mediators, such as MCP-1, KC, and CCL5.
A particularly interesting finding of this study is that the resistance to Y. pestis observed in young female B10.T(6R) mice is completely abolished by the age of 5 months. Resistance is also abolished in middle-aged male B10.T(6R) mice (data not shown). We infected 10 young male and 10 middleaged male B10.T(6R) mice with 1,000 CFU of Y. pestis KIM5. All of the middle-aged mice succumbed to infection, while the young mice survived (data not shown). The middle-aged B10.T(6R) mice did show, to a lesser degree, some level of inflammatory response (i.e., smaller neutrophilic lesions and decreased tissue necrosis) to Y. pestis infection. However, the LD 50 for the middle-aged mice was similar to that for B6 mice.
It is of particular interest that this loss of resistance occurs by the age of 5 months, the equivalent of early middle age in humans. This is a much earlier time point than most other reports of age-associated changes in host responses to bacteria. For example, the well-characterized model of age-related enhanced susceptibility to Streptococcus pyogenes infection in BALB/c mice utilizes mice that are at least 20 months of age (16) . Immunosenescence is most often studied in the aged, after immune changes have occurred. We believe this newly described model, in which loss of resistance occurs around the age of 5 months, will provide an excellent tool for understanding changes in resistance/susceptibility to host immune responses to Y. pestis and possibly other infectious agents as immunological changes occur. Further, we speculate that this model could potentially contribute to studies on immunosenescence.
